Insulin sensitivity has been quantified by i.v. insulin tolerance test (0.1 U/kg of body weight) in 18 (11 male/7 female) non-obese (body mass index range 19-25 kg/m 2) normoglycaemic subjects. We then compared the tyrosine kinase activity and internalization of insulin receptor in monocytes from the six most insulin-sensitive (group 1) and the six most insulin-resistant (group 3) subjects. Tyrosine kinase activity was measured on immunopurified receptors using 32p-ATP and poly-glutamic acid 4: tyrosine 1, sodium salt (poly-glu-tyr 4:1)~ Insulin internalization was studied by incubating cells with 1 nmol/1125I-insulin and measuring total cell-bound and intracellular 12q-insulin by an acid dissociation procedure. Basal (in the absence of insulin) receptor kinase activity was similar in both groups. Maximal (in the presence of 100nmol/l insulin) kinase activity was 41% lower in group 3 (13.8 _+ 3.6 fmoles 32P-ATP incorporated vs 23.3 + 4.0, p = 0.1). Delta increment of receptor kinase activity after insulin stimulation (calculated by subtracting basal from maximal activity) was significantly (p < 0.05) reduced in group3 (21.3_+3.8 vs 11.1+2.1) and significantly (p < 0.05) correlated to the in vivo insulin sensitivity. Both total cell-bound (0.70 _+ 0.09 % of total radioactivity added vs 0.83 + 0.15) and intracellular (0.39 + 0.05 vs 0.44 + 0.09) 12q_ insulin were similar in the two groups. These data suggest that in non-obese, normoglycaemic subjects a defective insulin receptor tyrosine kinase activity may contribute to the development of insulin resistance. This raises the possibility that the reduced receptor kinase activity observed in Type 2 (non-insulin-dependent) diabetic patients may be independent from the diabetes and may in fact precede the appearance of the disease.
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The molecular mechanisms and the primary defects responsible for insulin resistance, a well-known characteristic of Type 2 (non-insulin-dependent) diabetes mellitus [1, 2] , are not completely understood. One possible molecular site of the defective insulin action is the insulin receptor. In Type 2 diabetic patients several studies have demonstrated that insulin receptor function may be defective as demonstrated by a reduced tyrosine kinase activity [3] [4] [5] [6] [7] or a reduced internalization [8] [9] [10] or both. However, whether these defects in insulin receptor function are primary or secondary to the metabolic alterations associated with Type 2 diabetes such as hyperglycaemia, obesity and hyperinsulinaemia, remains to be elucidated.
Recently it was demonstrated that approximately 25 % of non-obese normoglycaemic subjects have a similar degree of insulin resistance as obese and Type 2 diabetic patients [1] . These subjects, therefore, represent an excellent natural model to verify whether or not the alterations of insulin receptor function precede the appearance of and are independent from the metabolic alterations associated with Type 2 diabetes. We first quantified insulin sensitivity in 18 non-obese, normoglycaemic volunteers and then compared insulin receptor tyrosine kinase activity and internalization in monocytes from the six subjects who were most insulin-sensitive to that from the six who were most insulin resistant.
Subjects, materials and methods
Crystalline porcine insulin, Triton X-100, bacitracin, phenylmethylsulphonylfluoride (PMSF) and poly Glu-Tyr (4:1) were purchased from Sigma Chemical Co. (London, UK). i2SI-A14-insulin (340-360 gCi/btg) was kindly provided by Dr. L. Benzi (Pisa, Italy).
[?a2p] ATP was obtained from Amersham LTD (London, UK). Nicodenz was purchased from Immuna (Pisa, Italy). 
Selection of insulin-sensitive and insulin-resistant subjects
Eighteen healthy non-obese subjects from the staff of the Endocrinology Department of the University of Catania, were studied after giving their informed consent. The clinical characteristics of the group are shown in Table 1 . None of them had diabetes, according to the criteria of the National Diabetes Data Group [11] . All subjects were on a weight-maintaining diet (50 % carbohydrate, 30 % lipid, 20 % protein).
After an overnight fast, insulin sensitivity was assessed by i. v. insulin tolerance test (ITT), performed as previously described [12] : a single bolus of 0.1 IU/kg body weight of regular insulin was injected i.v. into an antecubital vein. Blood samples were collected 15 and 5 min before and 3, 6, 9, 12, and 15 rain after insulin injection. Glucose was injected at 15 rain to stop the fall in the plasma glucose. The constant rate for plasma glucose disappearance (K~) was calculated according to the formula 0.693/tv2. The plasma glucose t 1/2 was calculated from the slope of least square analysis of the plasma glucose concentration from 3-15 rain after i.v. insulin injection, when the plasma glucose concentration declined linearly. The results obtained with this test correlate highly with those obtained with euglycaemic hyperinsulinaemic clamp studies and are not influenced by counterregulatory hormones in the 3-15 min period of the study [12] . In order to verify the reproducibility of K~t values, a second ITT was carried out in four subjects within 1-3 weeks from the first test. In all four subjects the K~tt value obtained with the second test was within 10% of the first value obtained (Table 1) . Using the Kitt values, subjects were subdivided in three groups (Table 1) (r-values for t/2 plasma glucose disappearance during min 3-15 after insulin injection were 0.984 _+ 0.001, 0.990 +-0.01 and 0.961 + 0.001, mean _+ SEM in group 1, 2 and 3, respectively). The six most insulin-sensitive (group 1), and the six most insulin-resistant (group 3) subjects, volunteered to participate in further studies.
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One insulin-sensitive subject and three insulin-resistant subjects were first degree relatives of Type 2 diabetic patients. In order to evaluate insulin sensitivity under more physiological conditions, plasma glucose and insulin levels were measured in subjects from group 1 and 3 after a standard mixed meal (450 kcal, 50 % carbohydrate, 30% lipid and 20% protein) given between 08.00 and 09.00 hours, following a 13-h fast. Plasma glucose and insulin levels were measured immediately before (time 0) and 30, 60, 90 and 120 min after the beginning of the meal (subjects were asked to eat their meal in less than 15 min).
In vitro studies
Cell preparation: mononuclear ceils were obtained from 150 ml blood (withdrawn immediately before the meal profile test) by the use of Nicodenz according to the previously described procedure [10] . The percentage of monocytes was determined by non-specific esterase staining and ranged 80-93 % of total mononuclear cell number with no difference between the two groups of subjects. Cell viability, at the end of the experiments, was greater than 93 % as judged by the trypan blue exclusion technique.
Cell solubilization: monocytes were solubilized in 50 mmol/l Hepes buffer pH7.6, containing 0.15mol/1 NaCI, 1% Triton X-100, 5 mmol/t EDTA, 5 mmol/1 EGTA, 20 mmol/1 sodium pyrosphosphate, 1 mmol/1 PMSE 1 retool/1 sodium vanadate, 20 mmol/1 sodium fluoride, i mg/ml bacitracin. Solubilized material was then centrifuged at 10,000 x g in a Beckman microfuge and the supernatant used for both tyrosine kinase studies and measurement of the insulin receptor content by radioimmunoassay.
Tyrosine kinase studies: this assay was performed by a modification of the previously described procedure [13] . Briefly, 96-well microtitre polyvinylchloride plates (Falcon, Oxnard, Calif., USA) were coated with 50 ~tl of anti-mouse IgG (10 gg/ml final concentrations, in 20 retool/1 NaHCO3. pH 9.6) and incubated overnight at 4 ~ The wells were then washed three times with 50 mmol/1 Hepes buffer, pH7.6, containing 0.15mol/1 NaC1, 0.1% Triton X-100, 0.1% Tween-20, and 0.1% bovine serum albumin (BSA), coated with 50 ~tl of anti-human insulin receptor mouse monoclonal antibody 29 B4 (kindly provided by Dr. R.Roth, Palo Alto, Calif., USA), 10gg/ml final concentration, incubated overnight at 4~ and finally washed again three times with 50 retool/1 Hepes buffer. Solubilized cells (40 ~tl, 0.7-1.0/106 monocytes) were then added to the wells and incubated overnight at 4~ Wells were then washed three times with 50 mmol/1 Hepes buffer and immunopurified insulin receptors pre-incubated for 30 rain at 22 ~ in the presence or absence of 100 nmol/1 insulin in 50 mmot/1 Hepes buffer, pH 7.4, containing 0.1% Triton X-100, 2 mmol/l MnC12 and 10 mmol/i MgClz Next 10gmol/1 ATR V_3zp ATP (2gCi/well) and the synthetic substrate poly-Glu: Tyr 4:1 (1 mg/ml final concentration) were added, the incubation continued for a further 60 rain at 22 ~ and the radioactivity incorporated into the exogenous substrate then measured. Nonspecific incorporation was determined in parallel wells which were not coated with the anti-insulin receptor monoclonal antibody. Results were normalised for insulin binding values measured in parallel wells where immunopurified insulin receptors were incubated at 22~ with 1 nmol/1 ~25I-A~4 insulin (in the absence or presence of 10~tmol/1 native insulin) in 50mmol/1 Hepes binding buffer (pH 7.8, 1% BSA). After 2 h wells were washed five times with chilled 50 mmoI/1 Hepes binding buffer and then cut and the bound radioactivity counted. This method has a detection limit of 0.2 femtomoles of 32p incorporated in the exogenous substrate. Inter-assay coefficient of variation was 14+3% and 10+_5% for basal and 100 nmol/1 insulin stimulated tyrosine kinase activity, respectively. Inter-assay coefficient of variation was 21 + 2 % and 14 +-3 % for basal and 100 nmol/1, respectively.
Radioimmunoassay of insulin receptor. total cellular insulin receptor content was measured in solubilized cells by a sensitive and specific radioimmunoassay as previously described [10] .
A increment (fmoles P-ATPmcorporatedinto poly-Gtu-Tyr) Tyrosine-kinase activity 32 In non-obese normoglycaemic subjects the range of insulin sensitivity may vary [1] . This is confirmed in our study as the non-obese normoglycaemic subjects selected as insulin resistant by ITT (group 3) were also resistant to insulin at the meal profile test. In fact, compared to subjects from group 1, subjects from group 3, whilst having a similar glucose profile had a significantly (p < 0.01 by twoway ANOVA) higher plasma insulin levels after meal ingestion (data not shown).
In vitro studies on monocyte insulin receptors of subjects ,from group 1 and 3
Insulin receptor tyrosine kinase activity. Basal (in the absence of insulin) tyrosine kinase activity was similar in both groups (Table 2 ). Maximal (in the presence of 100 nmol/1 insulin) tyrosine kinase activity was, although 41% lower, not significantly different (p = 0.1) in subjects from group 3 ( Table 2 ). The delta increment of tyrosine kinase activity after insulin stimulation, calculated by subtracting basal activity from maximal activity (in the presence of 100 nmol/1 insulin), was significantly (p < 0.05) reduced in insulin receptors from insulin-resistant (group 3) subjects (11.1 _+ 2.1) compared to receptors from insulin-sensitive (group1) subjects (21.3+3.8) ( Table 2) .
To exclude the influence of day to day variation in monocyte preparation and receptor immunopurification, one subject from group 1 and one subject from group 3 were always studied in parallel on the same day. In all six instances the delta increment of tyrosine kinase activity after insulin stimulation was lower in subjects from group 3, with the average ratio of group 3: group 1 being 0.54+ 0.06 (p < 0.01). When looking at the individual data, the tyrosine kinase activity delta increment was significantly correlated (r = 0.66, p = 0.02) to the Kitt value (Fig. 1 ), but not to the peak plasma insulin level after meal ingestion (r = 0.2).
Insulin receptor content. The insulin receptor content of mononuclear cells, was not different between group 1 (2.20 + 0.34 rig/106 cells) and group 3 (2.69 + 0.19).
Insulin internalization studies. Both total cell-bound and non-acid-extractable (intracellular) nsI-insulin was similar in mononuclear cells from the two groups studied. In group 1 and 3 cell-bound 125I-insulin was 0.70_+ 0.09 vs | i 4 6 Kit t values Table 2 . Tyrosine kinase activity of insulin receptors immunopurified from monocytes of the 12 subjects studied , in the 12 subjects studied 0.83 + 0.15 % and non-acid-extractable ~25I-insulin was 0.39 _+ 0.05 vs 0.44 + 0.09 % of total radioactivity added per 106 monocytes, respectively. Also the percentage of bound insulin that was internalized was similar in both groups (57 + 5 and 55 + 5 % in group i and 3, respectively).
Discussion
Defective tyrosine kinase activity [3] [4] [5] [6] [7] and internalization [8] [9] [10] of the insulin receptor have been reported in Type 2 diabetic patients, but it is not known whether or not these altered receptor functions are consequences of the metabolic alterations associated with diabetes.
In this study we observed a reduced insulin stimulation of receptor tyrosine kinase activity and a normal receptor internalization in monocytes from non-obese, normoglycaemic, insulin-resistant subjects. Furthermore in these subjects the in vitro insulin effect on receptor tyrosine kinase activity was significantly correlated to the in vivo insulin effect on glucose disposal, as assessed by ITT.
Although monocytes mirror typical insulin target cells with respect to many insulin receptor functions [14, 15] including stimulation of glucose transport [16] , these cells are not a major target for insulin action and therefore caution should be used in extrapolating our finding to typical insulin target tissues such as muscle and adipose tissue. However, in a recent preliminary study a defective tyrosine kinase activity of muscle insulin receptor has been reported in normoglycaemic insulin-resistant first degree relatives of Type 2 diabetic patients [17] . Thus, in normoglycaemic insulin-resistant subjects a defective receptor tyrosine kinase activity may be a generalized phenomenon present in several tissues and may contribute to the induction of insulin resistance.
By showing that a reduced receptor tyrosine kinase activity may be present in insulin-resistant subjects in the absence of any significant clinical and metabolic alterations, our data suggest that this defect is independent from Type 2 diabetes and may, in fact, be an early step in the development of insulin resistance. In contrast to the reduced insulin receptor kinase activity, insulin internalization is normal in insulin-resistant normoglycaemic subjects indicating that the defective insulin internalization observed in Type 2 diabetic patients [8] [9] [10] is specifically related to diabetes itself.
In a previous study [15] , we found that insulin receptor tyrosine kinase activity was not reduced in monocytes from six hyperinsulinaemic obese patients when compared to eight non-obese control subjects, a finding that may appear to contrast with the present observation. Many reasons may explain this apparent discrepancy. First, insulin sensitivity was not evaluated in the control subjects of the previous study and, based on our present data, some of them may have been insulin resistant. Secondly, different factors may contribute to insulin resistance and the mechanism involved in the insulin resistance of some obese patients may not necessarily be the same as in non-obese subjects. Thirdly, a different and more sensitive tyrosine kinase assay on immunopurified receptors was used in the present study, allowing a more L. Frittitta et al.: Insulin receptor function in insulin resistance specific evaluation of the insulin receptor function in respect to the wheat germ purified receptor preparations used in the previous study.
The cause of the reduced receptor tyrosine kinase activity in non-obese normoglycaemic insulin-resistant subjects is not known. It has been recently postulated [18] that up to 1% of the general population may be affected by mutations of the insulin receptor gene. Therefore, although a much higher percentage of insulin receptor gene mutations may be expected in insulin-resistant subjects, it is unlikely that the defective receptor kinase activity is due entirely to receptor gene mutations. An acquired defect of the receptor protein function, due to environmental modification, is also a possible cause of the altered receptor kinase in insulin-resistant non-obese normoglycaemic subjects. For instance, an elevated insulin concentration has been shown to deteriorate insulin receptor function in vitro [19, 20] . A similar mechanism could explain the defective receptor tyrosine kinase activity in insulin-resistant subjects. However, in the insulin-resistant subjects we studied, this mechanism is unlikely because plasma insulin levels after meal ingestion, although significantly higher than those of insulin-sensitive subjects, were in the physiological range and cannot be considered hyperinsulinaemic. This is also confirmed by the lack of receptor down-regulation in monocytes of insulin-resistant subjects when receptor content was measured by both radioimmunoassay and insulin binding studies. Moreover, no correlation was observed between fasting or postprandial plasma insulin levels and receptor kinase activity.
In conclusion, a reduced insulin receptor tyrosine kinase activity may contribute significantly to the induction of insulin resistance in non-obese normoglycaemic subjects. These data also suggest that the defective receptor kinase activity observed in Type 2 diabetic patients may be independent from their diabetes and may, instead, represent an early step in the development of human insulin resistance.
